Based on two-dimensional magnetization vector measurements, it is confirmed that perpendicular exchange bias can be established in conventional ferromagnetic/antiferromagnetic multilayers when the samples are field-cooled along the surface normal direction. Here we report on the experimental observations from a systematic study of the perpendicular exchange bias in FeMn/ ͑FeNi/ FeMn͒ 15 multilayers and the comparison with corresponding longitudinal field cooling results. For the two field cooling geometries, both the exchange field and the coercive field exhibit similar constituent layer thickness and temperature dependences when measuring along the cooling field direction. These observations indicate the same interfacial nature of the induced anisotropy for both perpendicular and longitudinal exchange biases. The establishment of perpendicular exchange bias and anisotropy through field cooling can have potential applications in perpendicular magnetic recording media development.
With the development of perpendicular recording media, materials exhibiting intrinsic perpendicular anisotropy such as the alloys or the multilayers of Pt-Co, Pt-Fe, Pd-Co, etc., have been extensively investigated.
1,2 Establishment of perpendicular exchange bias in Co x Fe 1−x / Pt multilayers in contact with AF layers has also been reported after perpendicular field cooling. [3] [4] [5] [6] Recently, we have demonstrated that perpendicular exchange bias can be established in FeMn/ FeNi and CoO / FeNi multilayers through perpendicular field cooling. 7, 8 The induced anisotropy perpendicular to the film plane indicates the possibility of creating perpendicular films of conventional ferromagnetic materials through field cooling. Here we report on the investigations of constituent FeNi, FeMn layer thickness, and temperature influences on the magnetic responses of FeMn/ ͑FeNi/ FeMn͒ n multilayers after field cooling.
Samples were fabricated by dc magnetron sputtering on Si substrates. Measurements on three sets of samples are presented. These include ͑1͒ a uniform Cu͑30 nm͒ / Fe 19 Ni 81 ͑2 nm͒ /Cu͑30 nm͒ reference sample, ͑2͒ samples from a Cu͑30 nm͒ / FeMn͑8 nm͒ / ͓Fe 19 Ni 81 ͑0-10 nm͒ / FeMn͑8 nm͔͒ 15 multilayer, and ͑3͒ samples from a Cu͑30 nm͒ / FeMn͑0 -11.5 nm͒ / ͓Fe 19 Ni 81 ͑2 nm͒ / FeMn͑0 -11.5 nm͔͒ 15 /Cu͑30 nm͒ multilayer. Both multilayer samples had an original fabricated length of 5 cm and were cut into 2 mm wide strips perpendicular to the wedge direction. All samples were field cooled from 428 K in a 2 T applied field, and magnetization measurements above 100 K were carried out on a vibrating sample magnetometer ͑VSM͒.
The VSM used in this study has an in-plane vector measurement capability and records the magnetization vector in a plane perpendicular to sample vibration direction. If the sample vibration direction is defined as the z axis, then the magnetic field rotation will be confined in the x-y plane. M x measures the sample magnetization component along the field direction, where M y is the magnetization component perpendicular to the field direction in the x-y plane. The reported data in this paper are based on direct VSM measurements and have not been corrected for the demagnetization field.
Figures 1͑a͒ and 1͑b͒ show the M x and M y signals measured for the uniform FeNi sample with parallel and perpendicular applied fields, respectively. With longitudinal external field, M x displays a hysteresis loop with coercivity smaller than 1.5 Oe and M y keeps at zero in the whole field range due to the film shape anisotropy. When the applied a͒ Author to whom correspondence should be addressed; electronic mail: lsun4@uh.edu field is perpendicular to the film plane, M x exhibits the typical hard axis characteristic with an unshifted slant hysteresis loop ͓Fig. 1͑b͔͒. At the same time, M y measures the in-plane magnetization component and shows a symmetric hysteresis pattern that is very different from the conventional hysteresis loop. The shape of this hysteresis pattern is very sensitive to the orientation deviation of the applied field from the surface normal. When the perpendicular external field decreases from above the saturation field, magnetization of the film rotates toward the film surface from perpendicular orientation. Because the applied field cannot be perfectly aligned with the surface normal, which is evident by the nonzero remnant magnetization from M x measurement, the in-plane magnetization switches its orientation when the in-plane component of the external field H sin exceeds the longitudinal coercivity of 1.5 Oe, where is the field deviation angle from the surface normal. For the measurement shown in Fig. 1͑b͒ , the "coercivity" of M y equals 168 Oe, which indicates the applied field is about 0.5°off the surface normal direction.
Compared to most of the magnetization studies where only M x data are presented, M y can provide additional information about the exchange bias. Figure 2 shows the representative room temperature M x and M y for a multilayered FeMn͑8 nm͒ / ͓FeNi͑2 nm͒ / FeMn͑8 nm͔͒ 15 sample after longitudinal and perpendicular field cooling.
As shown in Figs. 2͑a͒ and 2͑b͒ after longitudinal field cooling, with in-plane measurement field, M x exhibits the normal exchange bias characteristics as a shifted hysteresis loop with enhanced coercivity ͓Fig. 2͑a͔͒. When applied field is perpendicular ͓Fig. 2͑b͔͒, hard axis characteristic of a slanted hysteresis loop with no shift is recorded for M x . At the same time, M y remains at zero with longitudinal applied field but exhibits a nonsymmetric pattern when applied field is perpendicular. This M y behavior reflects the effect of longitudinal field cooling: additional unidirectional anisotropy has been introduced along the cooling field direction and causes an energy difference between the parallel and antiparallel magnetization orientations with respect to the field cooling direction. Similar to the unexchange biased single layer with in-plane shape anisotropy ͓Fig. 1͑a͔͒, the additional induced longitudinal anisotropy keeps the magnetization inplane during switching when applied external field is parallel to the film plane and results in a zero M y signal. When the applied field is perpendicular to the film plane, the magnetization rotates toward the field cooling direction when the external field decreases from saturation field. M y keeps the same sign along the cooling field direction in the whole field range and deviates from the center symmetric pattern as the unexchange biased film. This is because the in-plane field component from the small orientation deviation from surface normal will not be strong enough to overcome the unidirectional anisotropy to switch in-plane magnetization so that M y will remain along the field cooling direction.
In comparison, Figs. 2͑c͒ and 2͑d͒ show the observed M x and M y signals for the same sample after perpendicular field cooling. The establishment of perpendicular exchange bias can be confirmed from hysteresis loop shift with perpendicular applied field ͓M x in Fig. 2͑d͔͒ and zero shift with longitudinal applied field ͓M x in Fig. 2͑c͔͒ . At the same time, M y exhibits a different behavior from the single FM layer and the same sample after longitudinal field cooling. As shown in Fig. 2͑c͒ , when the longitudinal applied field decreases from saturation field, magnetization rotation is no longer limited to be in the film plane, but have an increasing perpendicular component caused by the induced out-of-plane anisotropy. Also surprising is that even if the magnetic easy axis remains in the film plane ͓Fig. 2͑d͔͒, when the applied field is perpendicular, the in-plane magnetization M y always keeps at zero, which indicates that the magnetization reversal may take place by curling instead of coherent rotation.
Constituent FM and AF layer thickness dependences of the perpendicular exchange bias are summarized Figs. 3 and 4 together with the corresponding longitudinal exchange bias results. As shown in Fig. 3 9, 10 can be attributed to the fact that the FM layer thickness in our study is much smaller, where thermal fluctuation can have a more significant influence. It can also be seen that with increasing FM layer thickness, the index of the power law approaches −1. The thermal fluctuation effects in the thin FM layers are also evident from the coercive field dependence of t FM , where H C has maximum values at t FM of about 2 nm. Figure 4 corresponds to the AF layer thickness dependence of the exchange bias with an FeNi thickness of 2 nm. There is no measurable exchange field at room temperature when the FeMn layer thickness is smaller than 4 nm and H E increases with FeMn thickness and peaks at about 10 nm. Both numbers are twice the values of those observed in the FeMn/ NiFe bilayers. 9, 10 For exchange field to be observed, the anisotropy energy in the antiferromagnetic layer K AF t AF must exceed the interfacial exchange energy. Compared to the bilayers, each AF layer in the multilayered structure is sandwiched between two FM layers, which lead to the doubling in critical AF thickness. The fact that the maximum exchange field also exists at an FeMn thickness twice that of bilayers supports the argument that parallel AF domain wall can form in the exchange biased systems during magnetization reversal. It is noted that even if there is no measurable exchange field for small FeMn thickness, there is still interaction between the FM and AF layers. This is evident from the significant enhancement in coercivity of the multilayered samples observed in the whole AF thickness range. The maximum value of H c actually exists at the critical AF thickness of about 4 nm. Similar phenomenon has been also observed in FeMn/ FeNi bilayers 11, 12 and IrMn/ Co system. 13 This implies that even when the AF anisotropy is not large enough to maintain an exchange field, the AF layer can cause large hysteresis loss and result in enhancement of coercivity.
Temperature dependent hysteresis loop studies indicate that H C and H E decrease with increasing temperature for both perpendicular and longitudinal exchange biases. As discussed in Ref. 7 , H E has a quasilinear temperature dependence, while both H C and hysteresis loop squareness have stronger temperature dependences and increase rapidly at low temperatures. This indicates that the field induced unidirectional anisotropy is a weak function of temperature, yet the temperature has a much more significant effect on the magnetization reversal. The increase of induced uniaxial anisotropy together with higher domain wall nucleation and propagation of activation energies at lower temperatures could be the cause of the rapid increase of H C and squareness.
In summary, perpendicular exchange bias in the FeMn/ ͑FeNi/ FeMn͒ n multilayers can be established through field cooling along the surface normal direction. The FM or AF layer thickness and temperature dependences of the perpendicular exchange field H EЌ and coercivity H CЌ resemble those of the longitudinal exchange bias. This implies the same mechanisms for the two exchange bias geometries: additional unidirectional anisotropy and uniaxial anisotropy at the FM/AF interfaces are induced along the cooling field direction. This should also be true for other field cooling orientations, and the exchange bias can be established in any direction. The observed perpendicular exchange field is found to be smaller than the longitudinal exchange field measured under identical experimental conditions. The reduction in the anisotropic energy can probably be attributed to the in-plane shape anisotropy existing in the antiferromagnetic FeMn layers. For the two series of samples measured in this experiment, perpendicular anisotropy has not been observed and the magnetic easy axis still remains in-plane at room temperature, since the observed squareness of perpendicular hysteresis increases with decreasing FM layer thickness and temperature at fixed AF layer thickness. It is possible for the field-cooling-introduced uniaxial and unidirectional anisotropies to exceed the intrinsic in-plane anisotropy to create perpendicular films if the materials and constituent layer thickness are optimized. This out-of-plane field cooling scenario in FM/AF multilayers can have considerable potential for the perpendicular recording media development.
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